Abstract. Currently available antiepileptic drugs are effective; however, frequently associated with adverse effects that limit their therapeutic value. Compounds that target the molecular events underlying epilepsy, with minor or no adverse effects, would be of clinical value. Matrix metalloproteinase-9 (MMP-9) and the brain-derived neurotrophic factor (BDNF)-tropomyosin receptor kinase B (TrkB) signaling pathway may be involved in epileptogenesis. The current study investigated the effects of the plant-derived hydroxyflavone, myricetin, in a pentylenetetrazole (PTZ)-induced mouse model of epilepsy. Mice received an intraperitoneal injection of 35 mg/kg body weight PTZ on alternate days (13 injections) and were observed for 30 min following each PTZ injection. Myricetin (100 or 200 mg/kg body weight) was administered orally to the treatment groups (n=18/group) for 26 days, 30 min prior to each PTZ injection. Treatment with myricetin reduced seizure and mortality rates. Increased apoptotic cell count and elevated expression levels of apoptotic proteins caused by PTZ kindling were downregulated following treatment with myricetin. The BDNF-TrkB signaling pathway and MMP-9 expression levels were regulated by myricetin. Expression of γ-aminobutyric acid A (GABA) receptor and glutamic acid decarboxylase 65, as well as the glutamate/GABA balance, were restored following treatment with myricetin. The results of the present study indicated that myricetin may exert protective effects by regulating the molecular events associated with epileptogenesis.
Introduction
Epilepsy is a neurological disorder with a complex etiology (1) . Recurrent seizures in epilepsy are caused by an imbalance between cerebral excitability and inhibition (2, 3) . Epilepsy may be either symptomatic of an underlying disorder or idiopathic (4, 5) . Despite treatment with currently available antiepileptic drugs (AEDs), epilepsy remains refractory in 30% of patients (6) . Additionally, previous studies have reported that recurring seizures, cognitive disturbance and psychiatric issues are associated with AEDs (7, 8) . Therefore, novel drugs that suppress seizures more efficiently and exert no or minor adverse effects are required.
Previous research has focused on the antiepileptic effects of plant-derived compounds (6, 9) . Myricetin, 3,3',4',4,5,5',7-hexahydroxyflavone, is a flavonoid commonly extracted from the fruits, leaves and bark of the Chinese bayberry (Myrica rubra) and other edible plants, including broccoli, cabbage, French beans, garlic, peppers, tomato, cashew nuts, blueberries, and green and black tea (10) (11) (12) (13) . Myricetin exhibits several bioactive properties, including antioxidative (11) anticancer (14, 15) , nephroprotective (16) and anti-inflammatory effects (17) . However, myricetin has not been previously evaluated for its potential antiepileptic effects. Therefore, the current study investigated whether myricetin exerts protective effects against experimentally induced epilepsy.
Brain-derived neurotrophic factor (BDNF) and its receptor tropomyosin receptor kinase B (TrkB) regulate the processes of synaptic plasticity and neurogenesis (18) . The BDNF-TrkB signaling pathway serves a role in epileptogenesis (19, 20) . Increased expression levels of BDNF have been reported in epileptogenic conditions (21) . Furthermore, a previous study used BDNF infusion into the hippocampus to induce seizures (22) . The BDNF-TrkB signaling targets several downstream protein kinases to activate target proteins, leading to increased presynaptic release of mediators or modification of the activity of postsynaptic receptors, including the γ-aminobutyric acid A receptor (GABA A R) (23) . GABA and GABA A R mediate inhibitory neurotransmission and attenuate overexcitation of neurons (24) . Glutamic acid decarboxylase 65
Myricetin attenuates the severity of seizures and neuroapoptosis in pentylenetetrazole kindled mice by regulating the of BDNF-TrkB signaling pathway and modulating matrix metalloproteinase-9 and GABA A (GAD65) is an enzyme catalyzing the conversion of glutamate to GABA via decarboxylation (25) . Previous studies have demonstrated that the expression levels of GAD and GABA receptors in the brain are closely associated with epileptic conditions (26, 27) .
Matrix metalloproteinases (MMPs) serve roles in normal developmental processes, including tissue morphogenesis and cell migration, and are associated pathological conditions, including inflammation, metastasis, Alzheimer's disease, cerebral aneurysm and brain cancer (28, 29) . Furthermore, a previous study demonstrated an association between the expression of MMPs and epilepsy and epileptogenesis (30) . Activation of MMP-2 and -9 was observed in the brains of rats with kainic acid (KA)-induced seizures (31) . MMP-9 induces apoptosis by disrupting integrin-mediated cell survival signal in the pilocarpine-induced model of epilepsy (32) . MMP-9 is also involved in tissue remodeling within the epileptic focus following seizures (33) . Based on the association between the BDNF-TrkB signaling and MMP-9 in epilepsy, the current study further investigated whether myricetin reduced seizure rates and regulated MMP-9 expression and BDNF-TrkB pathway activity in a pentylenetetrazole (PTZ)-induced experimental model of epilepsy.
Materials and methods
Chemicals and reagents. PTZ, MMP-9 and myricetin were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). PTZ was dissolved in freshly prepared saline prior to treatment (100 mg/ml Animal experiments. C57BL/6 male mice (n=9; weight, 20±2 g; age, 4-6 weeks) were obtained from the animal house of Hedong People's Hospital (Linyi, China) and housed under standard laboratory conditions (temperature, 23±1˚C; humidity 50-60%; 12-h light/dark cycle). Mice had access to standard pellet diet and water ad libitum, and were allowed to acclimate to the laboratory conditions for 4-5 days prior to the experiments. The current study was approved by the Animal Studies Ethics Committee of Hedong People's Hospital and the protocols and handling of animals were in compliance with National Institutes of Health guidelines for the care and use of laboratory animals and the National Animal Welfare Law of China (34) (35) (36) .
Animal kindling. Kindling is an experimental technique used to study epileptogenesis and epilepsy-associated cognitive and behavioral alterations, and to assess the efficacy of novel antiepileptic drugs (37, 38) . In the current study, the animals were given a total of 13 intraperitoneal (i.p.) injections of sub-effective dose of PTZ (35 mg/kg) on alternate days (9) . The animals were observed for 30 min following each PTZ injection. Separate treatment groups (n=18/group) received myricetin at 100 or 200 mg/kg body weight, orally for 26 days, 30 min prior to each PTZ injection; the concentrations used in the study were based on the results of previous experiments using various concentrations of myricetin (data not shown). Control animals were treated with an equal volume of saline instead of administration of PTZ or myricetin. Epileptic control mice were treated with PTZ, but not treated with myricetin. Standard drug control mice were treated with PTZ and received valproate (100 mg/kg; i.p.) (6) . The mice were anesthetized with isoflurane and perfused transcardially with 0.9% saline (100 ml), followed by 4% paraformaldehyde (200 ml) and sacrificed 24 h after the last PTZ challenge. The brain tissues were immediately collected and analyzed.
Seizure scoring. The mice were monitored for 30 min after each PTZ injection. Seizures were classified and scored according to the modified Racine scale (39): 0, no response; phase 1, hyperactivity and vibrissae twitching; phase 2, head nodding, head clonus and myoclonic jerk; phase 3, unilateral forelimb clonus; phase 4, rearing with bilateral forelimb clonus; phase 5, generalized tonic-clonic seizure with loss of postural control; and phase 6, absence of movement and loss of function of vital organs/mortality. Mortality rate was determined using the following formula: Mortality count/total number of animals in the particular experimental group x100.
Histological Nissl staining. Nissl staining was performed to assess the effect of myricetin on the alterations in brain architecture following PTZ challenge. Coronal sections (7-µm-thick) were subjected to Nissl staining with toluidine blue (1%), as previously described (40) . Viable cells in the CA1 and CA3 regions of the hippocampus per 1-mm length of bilateral hemisphere were counted under high magnification (x400) using a light microscope (Nikon Corporation, Tokyo, Japan).
Eva lu a t io n of n eu ro a poptosis b y th e ter m in a l deoxynucleotidyl-transferase-mediated dUTP nick end labeling (TUNEL) assay.
Neuroapoptosis was assessed using the TUNEL assay, as previously described by Li et al (41) . Brain tissue sections (5-µm-thick) were sliced in the same plane of the hippocampal region of each mouse and subjected to analysis using the DeadEnd™ fluorometric TUNEL system (Promega Corporation, Madison, WI, USA). Tissue sections were protected from direct light during the assay. TUNEL-positive cells in the CA1 and CA3 regions of the hippocampus were observed and analyzed using NIS-Elements Basic Research microscope imaging software (version, 4.0; Nikon Corporation).
Analysis of brain GABA and glutamate levels. The mice were sacrificed as described above 50 min after the last PTZ injection. Brain tissues were isolated immediately, weighed and homogenized in 0.1 M PBS, and GABA and glutamate contents in the tissues were analyzed by high performance liquid chromatography with reference standards as described previously (42) .
Reverse transcription-polymerase chain reaction (RT-PCR).
An RT-PCR analysis was performed to determine the effects of myricetin on MMP-9, BDNF and TrkB mRNA expression. Total RNA was extracted from the hippocampal tissues using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). First-strand cDNA was synthesized using the Revert Aid First Strand cDNA Synthesis kit (Fermentas; Thermo Fisher Scientific, Inc., Waltham, MA, USA). PCR reactions were performed using the 7300 Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The following primers were used: Forward, 5'-CGA AGA GCT GCT GGA TGA G-3', and reverse, 5'-ATG GGA TTA CAC TTG GTC TCG-3', for BDNF; forward, 5'-CCT CCA CGG ATG TTG CTG A-3', and reverse, 5'-GGC TGT TGG TGA TAC CGA AGT A-3' for TrkB; forward, 5'-GTC TTC CCC TTC GTC TTC CT-3' , and reverse, 5'-GCT GGA TGC CTT TTA TGT CG-3' for MMP-9; forward, 5'-CCG TAT CGG ACG CCT GGT TA-3' , and reverse, 5'-GGC TGT TGG TGA TAC CGA AGT A-3' , for GAPDH. GAPDH was used as the internal control. PCR products were separated by 1% agarose gel electrophoresis and visualized using ethidium bromide (0.05%) staining. The band intensities of the products were analyzed with the Bio-Gel imagery apparatus with Quantity One ® 1-D analysis software (4.3.0; Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Gel zymography. Gel zymography was performed to evaluate MMP-9 activity. The samples were prepared as previously described by Mizoguchi et al (43) . The samples were subjected to SDS-PAGE using 10% gels containing 0.1% gelatin under non-reducing conditions. Triton X-100 gels (2.5%) were washed to remove the SDS, and further washed in incubation buffer (50 mM Tris-HCl, pH 7.4; 5 mM CaCl 2 ; 200 mM NaCl and 2 µM ZnCl 2 ) at 25±2˚C for 30 min and subsequently incubated for 24 h at 37˚C. Following the incubation, the gels were stained with Coomassie Brilliant Blue solution (1% Coomassie Brilliant Blue G-250; 30% methanol and 10% acetic acid) for 3 h at room temperature and destined using 7% acetic acid and 40% methanol until clear bands representing gelatinolysis were observed against a dark background. Total MMP-9 activity was determined using the ATTO Densitograph Software Library Lane Analyser (ATTO Corporation, Tokyo, Japan). Purified MMP-9 (Sigma-Aldrich; Merck KGaA) was used as the internal standard.
Western blot analysis. Western blotting was performed to detect the protein expression levels. The hippocampal tissues were homogenized in lysis buffer (10 mM Tris-HCl pH 7.4, 2 mM EDTA, 150 mM NaCl and 0.5% Nonidet P-40) containing protease inhibitors (1 mg/ml leupeptin, 1 mg/ml aprotinin and 1 mg/ml pepstatin A) and incubated for 30 min on ice. Total protein contents of the tissues were determined using the bicinchoninic acid assay kit (Bio-Rad Laboratories, Inc.). Equal amounts of protein (60 µg/lane) from each group were separated by SDS-PAGE (10% gel), and the bands were transferred onto polyvinylidene fluoride membranes (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The membranes were blocked in 3% bovine serum albumin in TBS containing Tween-20 (0.1%; TBST) at room temperature for 40 min and incubated with specific primary antibodies, as described above, at 4˚C overnight. The membranes were incubated for 2 h at room temperature with goat anti-mouse horseradish peroxidase-labelled secondary antibody (IgG; cat. no. ab97240; 1:2,000; Abcam, Cambridge, MA, USA) prior to washing with TBST. The enhanced chemiluminescence method (GE Healthcare, Chicago, IL, USA) was used to detect and analyze the immunoreactive bands.
Statistical analysis. Data are presented as the mean ± standard deviation, representative of six replicates. SPSS software (version 22.0; IBM Corp., Armonk, NY, USA) was used for the statistical analysis. One-way analysis of variance followed by Duncan's Multiple Range Test were used for multiple group comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results
Myricetin reduces PTZ-induced seizure scores. Repeated administration of sub-convulsive dose of PTZ (35 mg/kg) on alternating days (13 injections) resulted in an increase in the seizure score compared with the control group, eventually leading to widespread clonic-tonic seizures (Racine scale 5). Administration of myricetin (100 or 200 mg) prior to each PTZ injection decreased seizure severity, as evidenced by a decline in the seizure score compared with the PTZ control group (Fig. 1) . Furthermore, the mortality rate following the PTZ injections decreased significantly (P<0.05) in response to pre-treatment with myricetin and the group treated with 200 mg myricetin exhibited 5% mortality rate (Fig. 2) .
Myricetin reduces PTZ-induced neuronal loss. Mice were sacrificed 24 h after the last PTZ injection, and Nissl staining was used to determine seizure-induced neuronal loss in the CA1 and CA3 regions of the hippocampus. The viable cell count decreased significantly in the PTZ group compared with the normal control animals (P<0.05). Treatment with myricetin at both tested doses significantly attenuated seizure-induced neuronal loss (P<0.05) and the 200 mg dose exerted a higher protective effect compared with the 100 mg dose of myricetin (Fig. 3) . Furthermore, negligible neuronal loss was observed among mice treated with valproate.
Myricetin efficiently reduces neural degeneration and cell death following treatment with PTZ. TUNEL-positive cell counts in the CA1 and CA3 hippocampal regions were determined following the PTZ injections. Pre-treatment with myricetin reduced the TUNEL-positive cell counts (P<0.05) compared with the PTZ group, demonstrating inhibition of neuronal apoptosis (Fig. 4) . Apoptotic protein expression was measured to determine the molecular mechanism underlying the antiapoptotic effects of myricetin. Increased Bad and Bax expression levels were observed in the PTZ control mice, compared with the untreated control groups (Fig. 5) . PTZ group mice pre-treated with myricetin (100 or 200 mg) exhibited decreased Bad, Bax and cleaved caspase-3 expression levels. The expression levels of anti-apoptotic proteins, Bcl-2 and Bcl-xL, increased in mice with epilepsy following pre-treatment with myricetin, indicating inhibited apoptosis. These observations suggest that myricetin regulates the expression of proteins associated with the apoptotic pathway and reduces neuronal cell apoptosis to induce neuroprotective effects.
Myricetin inhibits the BDNF-TrkB signaling pathway following treatment with PTZ.
The BDNF-TrkB signaling is pathway associated with epileptogenesis (19, 44) . BDNF potentiates glutamatergic neurotransmission and inhibits GABAergic transmission (45) . In the current study, elevated BDNF and TrkB mRNA and protein expression levels were observed following the PTZ injections compared with the untreated control group, indicating sensitivity of the neurons and induction of epilepsy (Figs. 6 and 7) . Pre-treatment with myricetin prior to the PTZ injections downregulated TrkB and BDNF protein expression in a dose-dependent manner and the 200 mg dose inhibited the BDNF-TrkB signaling pathway. This myricetin-mediated inhibition of the BDNF-TrkB signaling may contribute to the decreased seizure scores.
Myricetin induces the expression of GAD65 and GABA A R.
GAD65 and GABA A expression levels decreased in the PTZ group compared with the untreated control group (Fig. 7) . Pre-treatment with myricetin upregulated GAD65 and GABA A R protein expression levels, suggesting that myricetin may exhibit an anti-epileptic potential.
Myricetin regulates glutamate and GABA levels. A glutamate/GABA imbalance in the brain is associated with epileptogenesis (27) . Myricetin (100 and 200 mg) significantly increased GABA levels while significantly decreasing glutamate levels compared with the PTZ group (both P<0.05), and normalized the glutamate/GABA ratio (Fig. 8) .
Myricetin modulates the expression of MMP-9. MMP-2 and -9 serve roles in epilepsy (31, 46) . The effect of myricetin on the expression and activity of MMP-9 was assessed in the current study. The current study observed an increase in MMP-9 mRNA (Fig. 6) and protein (Fig. 7) levels at 24 h after the final PTZ injection, compared with the untreated control group. mRNA levels were unchanged following treatment with myricetin at both doses. The results of the gel zymography analysis revealed and increase in MMP-9 activity following PTZ kindling. MMP 9 activity was downregulated in a dose-dependent manner following treatment with myricetin (Fig. 9 ). These observations suggest that myricetin may regulate MMP-9 activity. . Reverse transcription-semi-quantitative polymerase chain reaction analysis following the PTZ injections. PTZ, pentylenetetrazole; MMP-9, matrix metalloproteinase-9; BDNF, brain-derived neurotrophic factor; TrkB, tropomyosin receptor kinase B; L1, control group; L2, PTZ group; L3, PTZ+100 mg myricetin group; L4, PTZ+200 mg myricetin group.
Discussion
Epilepsy is a prevalent neurological disorder and kindling is a widely accepted experimental model of epileptogenesis (47, 48) . Kindling induces severe and recurrent seizures by altering neural circuits (49) . PTZ is a widely used convulsant in epilepsy research, and subcutaneous injection of PTZ at a lower dose induces seizures (50-52).
In the current study, recurrent administration of a sub-effective dose of PTZ elicited severe seizures and high mortality. Myricetin efficiently decreased seizure severity and reduced mortality in PTZ-kindled mice. PTZ kindling causes hippocampal neuronal cell loss (53) . The hippocampus is highly susceptible to seizures and is involved in epileptiform discharges (54) .
Treatment with PTZ induced apoptotic neuronal cell death in the CA1 and CA3 regions of the hippocampus. Myricetin exerted protective effects by significantly reducing the apoptotic cell count, as demonstrated by the TUNEL assay and Nissl staining.
Several studies have suggested that seizures induce transient cerebral ischemia leading to neuronal death in the brain (55) . To investigate the possible mechanism underlying the neuroprotective effects of myricetin, the expression levels of cleaved caspase-3 and other apoptotic pathway proteins were evaluated by western blot analysis. Increased protein expression levels of cleaved caspase-3, Bad and Bax in the brain of kindled mice indicated apoptosis. Treatment with myricetin significantly upregulated Bcl-xL and Bcl-2 expression, but downregulated the expression of caspase-3, Bad and Bax in a dose-dependent manner, suggesting suppressed apoptosis. This myricetin-mediated modulation of protein expression may facilitate reduced neuronal cell loss.
The BDNF-TrkB signaling is a common pathway involved in a number of epilepsy models (19) . BDNF promotes neuronal growth and survival, as well as the formation of synapses (18), and enhances hippocampal learning and memory processes (56) . Epileptogenic brain insults increase BDNF synthesis and activate the TrkB receptor (19) . In the current study, PTZ induction enhanced the expression of BDNF and TrkB, suggesting activation of the BDNF-TrkB pathway. Pre-treatment with myricetin inhibited BDNF and TrkB, and, therefore, downregulated the BDNF signaling. Both in vivo and in vitro studies demonstrated that the BDNF-TrkB signaling was activated in experimentally induced models of acute seizure, and promoted epileptiform activities in hippocampal neurons (20) . Therefore, myricetin-mediated downregulation of the BDNF-TrkB pathway may promote seizure suppression.
BDNF potentiates glutamatergic neurotransmission, while inhibiting GABAergic neurotransmission (19, 57) . The balance between inhibitory and excitatory neurotransmitters is associated with epileptogenesis (58) . A significant increase in glutamate levels, together with a decrease in GABA expression, was observed in the present study following PTZ-kindling, and resulted in a disturbed glutamate/GABA balance. Several previous studies demonstrated that glutamate/GABA imbalance is one of the factors contributing to epileptogenesis (58, 59) . Expression of GAD is associated with the severity of epilepsy (60, 61) . Upregulated expression of GAD65, an isoform of GAD, reduces sensitivity to epilepsy and improves the neuropathological alterations in mouse models of epilepsy (62) . Increased levels of GABA, together with reduced glutamate levels in PTZ-kindled and myricetin-treated mice observed in the current study indicate restoration of the glutamate/GABA balance. Protein expression levels of GAD65, the key rate-limiting enzyme during GABA synthesis, were further assessed in the current study to determine whether GABA levels were regulated by myricetin (27, 42) . Previous studies have suggested that GAD65 and GABA A , the main GABA receptor, are potential targets for the development of novel antiepileptic drugs (27, 58) . Several studies have reported that the progression of kindling-induced seizures is associated with reduced levels of GABA A binding sites in the hippocampus (63) and increased glutamate release. The GABA A receptor-chloride channel is responsible for rapid hyperpolarization of the paroxysmal depolarizing shift implicated in kindling, leading to increased seizure severity (64) .
In the present study, upregulated expression of GAD65 and GABA A was observed in mice treated with myricetin. Similar results were previously reported by Hao et al (5) . Treatment with garcinol regulated the glutamate/GABA balance and restored GAD65 and GABA A expression in animals with PTZ-induced seizures (4) . Restoration of the glutamate/GABA balance may occur due to increased expression of GAD65 and GABA A , indicating the anti-epileptic effects of myricetin.
A number of previous studies using animal models of epilepsy indicated that MMPs serve a role in epileptogenesis (30, 32) . MMPs are associated with apoptosis, necrotic cell death (32) and synaptic plasticity (30) . Furthermore, MMP-9 serves a role in the pathogenesis of epilepsy and is associated with the formation of epileptic foci and tissue remodeling within these foci following seizures (65) . Konopacki et al (66) demonstrated enhanced MMP-9 mRNA levels in dentate gyrus of KA-induced rats. Wilczynski et al (30) reported that the synaptic pool of Figure 7 . Myricetin regulates the BDNF-TrkB pathway and the expression of GABA A and GAD65. PTZ, pentylenetetrazole; MMP-9, matrix metalloproteinase-9; BDNF, brain-derived neurotrophic factor; TrkB, tropomyosin receptor kinase B; GABA A , γ-aminobutyric acid receptor; GAD65, glutamic acid decarboxylase 65; L1, control group; L2, PTZ group; L3, PTZ+100 mg myricetin group; L4, PTZ+200 mg myricetin group. MMP-9 is associated with the mechanisms underlying the development of seizures. Enhanced expression and enzymatic activity of MMP-9 in hippocampal regions have been reported in animal models with PTZ-induced epileptic seizures (67) . Furthermore, MMP-9 converts pro-BDNF to mature BDNF, resulting in the activation of TrkB (68, 69) . PTZ kindling involves synaptic remodeling induced by prolonged MMP-9 activation and elevated BDNF levels (70) . Similar to previous observations in experimental models of epilepsy, elevated MMP-9 expression was observed in the present study at both the mRNA and protein level following PTZ kindling (41, 70) . Gel zymography results revealed increased MMP-9 activity in the current study. Nevertheless, the treatment with myricetin reduced the expression and activity of MMP-9 in a dose-dependent manner. Mizoguchi et al (43) demonstrated that PTZ-induction increased expression of MMP-9 and that selective inhibition of MMP-9 confers neuroprotection in patients with epilepsy. Previously, a significant increase in MMP-9 mRNA was observed in rats 2 h following administration of 50 mg/kg PTZ (67) . Therefore, downregulation of MMP-9 may indicate a neuroprotective effect of myricetin against PTZ kindling.
In conclusion, myricetin exhibited protective effects against PTZ-induced seizures by reducing seizure severity and regulating the GAD65/GABA A and BDNF-TrkB signaling. These observations suggest that myricetin may be used as an anti-epileptic drug in the future. However, clinical studies are required to further investigate its protective effects.
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